The anchor length d b of rock bolts is often determined empirically by the insertion of the bond friction constant τ b at the grout-rock interface. The relationship between force F b by limit bond stress and bond length (or bond area) is their ratio. Within the same location, the anchor length can be overestimated or underestimated by usage τ b = constant. In this paper, the results of load tests of passive rock bolts were analyzed across the many rocks of the Bohemian Massif using selected parameters (RQD index, GSI values, bulk density ρ v , uniaxial compressive strength UCS) and their correlation. It was found that the relationship between the anchor length and the limit bound friction is non-linear and is influenced by selected parameters and the type of anchor grouting material (cement and resin). It was considered a state where RQD, GSI) for 3 types of bonding (1-cement sealing, 2-cement grouting, 3-mixing of resin cartridge). The achieved and measured bond friction was verified by solving the polynomial roots using the CG (conjugate gradient) method. The accuracy of the results reached the maximum mean difference value absΔτ b = 0.02 MPa and the standard deviation SD = 0.058. With this verified model, a simulation of random variables was performed by the Monte Carlo method for F b = const. with the uniform and normal distribution with n = 1500 samples. The results were converted to diagrams represented by the mean value of the uniform distribution (best fit curves) and the normal distribution envelope curves (for 3σ).
INTRODUCTION
Within the research project, an extensive phase of field load tests of rock bolts was carried out. The tests were conducted at 12 locations with varied joint rock masses of the Bohemian Massif. Before the initial tests, a loading stand was designed and constructed. A total of 201 pieces of tensile tests of bolts having bond lengths from 0.5 up to 2.5 m, a diameter of 22-32 mm, were performed. These were steel fully threaded rods (C), steel self-drilling rods (I), and fiberglass rods (R). The bolts were bonded into the cement (E) grout and resin (L, equiv. G). The loading tests were always performed until the material failure of bolts or shear stress failure at the interface of cement-rock. At each location, basic geotechnical survey was carried out in the form of drill core diameter of 50 mm in a length of 3.0 meters with the assessment of the rock mass properties in situ, and laboratory testing of rock mechanics. Upon the completion of the testing protocols, the rock mass properties analysis was performed focusing on the evaluation of the bond friction (bond stress equivalent) τ b [MPa] at the grouting-rock interface. The detailed scope and description of the loading tests was published by Holý [1] .
Of all performed loading tests, 87 pieces were used for further evaluation, i.e. about 43%. The interpretation of the results was not focused on the deformation parameters, but the evaluation of the progressive load vs. displacement. From the course of the tests, the limit of the full mobilization of the shear friction was assessed before the yield strength (in case of C and I rods) or the strength of the composite thread (in case of R).
Since the end of the project in 2016 and the publishing of the results by Holý [1] , a critical review of the data and the search for wider relations has been performed, mainly towards the character of rock discontinuities of all 12 localities (Fig. 1 ). In addition, another 6 localities (rock mass properties only) were added, where the author carried out a similar geotechnical survey in the framework of work orders (Tab. 1). The interpretation of loading curves ( Fig. 2) is based on the observation of bolt behaviour in two phases A and B. In the phase A, the linear elastic deformation of the free end of the bolt is observed, which extends into the phase B by decreasing the tensile force (and stiffness) and softening. If a deviation from the linear portion of the curve to the yield strength of the bolt or the strength of the thread occurred, the shear friction was mobilized at the given point by breaking the cohesion at the boundary of the grout/bolt or grout/wall of the borehole. This phenomenon was visually validated after each test (see Fig. 2 ). It is advisable to state that in many cases the yield strength and the ultimate limit strength of the rods exceeded the manufacturer's data. These results as well as the tests with failure at the bolt/grout interface have not been further evaluated. The selected load curves were fitted by a high order polynomial, and using tangent (derivation) on the linear portion of the curve whose failure point was found. It was often possible to use a bilinear fit with a point of intersection at the point where the force drop was found. [6] It is worth noting that the average bond friction is considered in the following text, although its highly non-uniform distribution along the bond length was derived by Li and Stillborg [7] . The chosen heuristic model here was a search for such approximate solution where
RQD, GSI) for 3 types of bonding material (technology). The influence of three genetic types of rocks (magmatic, sedimentary and metamorphic) was suppressed and, on the contrary, the parameters of its own jointed rock mass were taken into account. The verification of the model should achieve the accuracy ideally ±(τ approx -τ experim ) → 0 . In the first step the calculation of certain massiveness of rock masses was carried out (see Tab. 1) by factor
and its graphical comparison with RQD mean and GSI is shown in Fig. 3a Although the obtained approximation is not too strong, it was used as a sufficient for the next process. We will make a substitution in accordance with Fig. 3a 
where q and q´ represent correlation functions. In the second step, a separate data analysis was performed for each load test (Tab. 3). The RQD w index was newly defined as the weighted value according to the bond length and each drill core meter.
The value of GSI is given in relationship GSI = 1.5 J Cond89 + 0.5 RQD w , adopted by Hoek et al. [8] where
is Joint Condition rating after Bieniawski in Hoek et al. [8] . Substitution of this relationship into first equation yields:
where (J r /J a ) quotient represents the roughness and frictional characteristics of the joint walls. 
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[-] In the third step the linearization of data was performed using objective functions p and p´ in equations = ⁄ + ⁄
and ´=⁄ (6) where parameters q, q´ were described by Eq. (2) and (3).
Fig. 4 Linearization of problem by objective functions p and p´
These functions were calculated (Tab. 3), plotted and fitted by linear curve (see Fig. 4 ) in the shape:
Now it was possible to substitute p´ from Eq. (6) and q´ from Eq. 
and q from Eq. 
where k 1…5 [-] represents input iterative factors for sensitivity analysis. The value of GSI is given in Eq. (4) or by direct insertion.
SENSITIVITY ANALYSIS OF BOND FRICTION AND BOND MATERIAL
After the initial solution was assembled, a sensitivity analysis was required. For this purpose, the conjugate gradient (CG) method with line search was used. As the determining function, it was chosen to perform the sum of squared differences (SSD) of approximate and experimental bond friction as: . In order to distinguish the influence of bond material, this data had to be solved separately. The initial condition factors were taken from Eq. (10). The achieved initial results can be seen in the left half of Tab. 4.
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Volume LXIV (2018) The results show that factor k 5 is reduced to zero, which would mean missing the GSI value. In addition, during the linearization (Eq. 7), ρ vmean and UCS mean were lost, which was not originally intended. From the initial results of the factors k 1 and k 2 , it was obvious that they could be approximated after the resetting. In the next step, therefore, the ρ vmean and UCS mean were used as constant values. The factor k 5 was replaced by 1/3 in order not to lose the GSI value for next analysis. The factor k 3 was replased for simplicity 1/2. As a variable, therefore, the only factor k 4 
with UCS mean for simplicity in kPa. For other applications, factor k 4 was rounded to adequate accuracy 10 5 , achieved SSD have not changed.
The summary of results is represented by scatter diagrams. The initial state shows Fig. 5a , where the imbalance between the measured and calculated bond friction values is seen. This is the entire set of data for n = 87. The final results (Fig. 5b,c,d 
SENSITIVITY ANALYSIS OF BOND LENGHT
A sensitivity analysis of bond length was made on the basis of conclusions published by Hobst and Zajíc [9] . During the loading tests, the authors found little changes in the bond area (cement sealing in intact rocks) in relation to large changes in bond friction. While a bond area increased, the bond friction changes were already insignificant. The experimental data here show similar behavior, as shown below.
As stated earlier, the results of load tests and their interpretation are the product of many variables. For example, we can project bond friction against bond length (Fig. 6a) and generally we can see the abovementioned non-linear behaviour. Since the bolt holes were drilled in three different diameters (see Table 3 ), it is correct to project the bond friction against the bond area, the trend is very similar (Figure 6b ). DOI: 10.2478/gse-2018-0010 sensitivity analysis of the bond length was to search for the interaction and certain robustness between the selected parameters. For this purpose, the Monte Carlo (MC) method in Hillar and Pruška [10] with the uniform and normal distribution of variables were used.
Initially, it was necessary to obtain input values using simple statistics (Tab. 5). For the uniform distribution, it was necessary to set upper and lower limits of the variables, for the normal distribution it was necessary to set the mean and standard deviation. This data formed the basis for generating pseudo-random numbers. A linear congruential generator (LCG) was used for this purpose in relation u i+1 = (au i + c) mod m for random seed 0 ≤ u 0 < m, where multiplier a = 1140671485, increment c = 12820163 and modulus m = 2 24 . Sampling was used for standard uniform distribution where f(x) = x min + (x max -x min )u for 0 ≤ u ≤ 1. The normal distribution is a continuous probability distribution. It is defined by the probability density function (PDF):
where the parameter μ is the mean and the parameter σ is the standard deviation. The variable x is defined by using LCG for the probability of 95.45 %. In the first step we obtain standard uniform random values U (0;1) from the generator and in the second step is needed to transform the data by probit function probit(p) = 2 1/2 erf -1
(2p -1) where erf is Gauss error function. Being sufficiently representative the random process was chosen n = 1500 samples.
After generating the random variables (see input values from Tab. 5), a bond length simulation was performed, which was expressed from Eq. (11) to form:
with UCS mean for simplicity in kPa, parameter k 4 = 17.10 5 for cement sealing; 23.10 5 for cement grouting and 13.10 5 for resin mixing (rounded by Tab. 4 on the right), F b = const. value (25; 50; 75; 100; 150; 200; 250) kN. The values of the bond length were plotted against the bond friction at const. F b for a total of three used bond materials. The output of one of the three cases can be seen in Fig. 7a,b . As can be seen, the normal distribution data more closely corresponds to all possible conditions that may occur in situ. By contrast, the uniform distribution data is much more conservative with regard to the fixed boundaries and constant probability density. The sensitivity analysis was interpreted by the numerical approximation of the uniform data by the best fit power function and normal data by the envelope power function in the modified form
, where a,b [-] are constants. It should be noted that all the tests were carried out with two bore diameters (see Table 3 ). For full treated rods and fiberglass rods (cement sealing and resin mixing) was used diameter 36 mm and diameter 51 mm for self-drilling rods (cement grouting). The calculated bond length thus corresponds to one of these cases. If we consider a different drilling diameter, it is necessary to convert it over an equivalent surface A´ (part 2).
RESULTS AND USE
By summarizing the sensitivity analysis of the bond friction and the bond length (part 3 and 4) and interpreting the data, the following results were reached. There are two ways to use the results. First of all, it is possible to say that we have a geotechnical survey and, secondly, that we only have a rough estimate of the data. In the first (and better) case, when the geotechnical data is available, it is possible to determine e.g. the bond length directly from Eq. (15). By inserting a typical bond friction from Tab. 2 or other database we get the bond length value for a bond failure force. The magnitude of this force (according to the safety factor) must be in the interval (F ed , F yd ) where F ed is the design anchor force and F yd is the yield strength of the steel rod or the strength of the composite thread.
Let's take these parameters available from the case study: an unstable rock block with a single rock bolt, loading F b from the static report 1.5F ed = 136 kN, the rock bolt will be bonded by cement sealing in jointed granite, estimated bond friction 0. It is now necessary to anchor the block with the same loading F b = 136 kN hypothetically, for example, on the opposite side of the railway cutting with a better quality of granite with the same estimate of bond friction 0.75 MPa with mean UCS = 78100 kPa, ρ v = 2695 kg.m -3 , RQD 300 = (65+79+76) and J r /J a = 3/1. The result here is d b = 1.86 m. The difference in results is 0.27 m, so 12.7% saving of materials, drilling, time and money due to consideration of geological conditions (still the same bond friction). In fact, the bond friction should be increased in less weathered granite. For example, when increasing to 1.0 MPa, the bond length is already reduced by 0.71 m. Especially for a steel mesh installation, this optimization of anchor elements is significant.
Another situation occurs if a detailed geotechnical survey is not carried out. Then it is possible to use the interpretation of the results of the bond length sensitivity analysis (part 4) represented by correlation coefficients (Tab. 6). The resulting correlations have been converted into design diagrams where the type of bond material and the resulting data distribution are available. Less realistic estimates provide diagrams with the uniform distribution that are slightly higher than the mean of the normal distribution for 1σ. On the other hand, the envelope curves in diagrams with normal distribution provide safe conservative values with more than 95.45% probability. For example, we are looking for a bond length of a rock bolt from the previous case study. We deduct 
